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SURFACE ICING (NALED') AS A NEGATIVE PHYSICAL 
AND GEOLOGICAL PHENOMENON 


A considerable number of studies and articles are devoted 
to the subject of ice layers and the methods of preventing 
their formation, Technical instructions and recommendations 
bn the fight against ice layers on railroads and motor roads 
and in construction have recently been published, They recome 
mend a number of radical anti-icins measures and facilities 
which are being used in actual practice /12, 15/. 


Mention should be made at the same time of the still in- 
adequate study of the ice-forming process as a physical and 
geological phenomenon, The characteristic features of the 
origin and development of ice layers in various geological and 
hydrogeological conditions are not quite clear, The nature of 
the changes of such an important factor as the hydrothermal 
regime of the soil and water streams resulting from the inter=- 
ference with the natural condition by the construction of in» 
stallations has not yet been thoroughly studied. The methods 
of predicting ice formation and the theoretical basis for the 
antticing methods being used are therefore still inadequate, 
As a result, the construction of roads is, as a rule, followed 
by an increase in the quantity and size of the ice layers, and 
the choice of the anti-icing measures in this connection is based 
primarily on volition which frequently makes them ineffective. 


Ice layers are a complex physical and geoloztical phenomenon 
occurring in certain combinations of specific climatic character» 
istics, zeological structure and hydrogeological conditions, A 
cold climate with early and severe frosts and a thin snow cover 
produces favorable conditions for the formation and develope 
ment of ice layers, At the same time there are vast areas in 
the north of our country characterized by severe climatic con- 
ditions and a very limited development of ice layers, This is 
explained either by the absence of subterranean water or by 
the fact that the composition of the rocks, the nature of their 
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occurrence and tectonic displacement prevent the emergence of 
the subterranean water to the day surface. 


Determining the importance of the physical and geolozi~ 
cal factors in the origin and development of ice layers, it 
may be assumed that the climate represents the necessary medium, 
the. ccological structure the cause and the subterranean water 
the source of the ice formation. 


Permafrost is not necessarily a factor in the formation 
of ice layers, <A considerable number of them develop outside 
the permafrost areas, Resistant to water, a shallow permae 
frost merely intensifies and complicates the ice-forming pro- 
cess. Let us talke'a look at the effect of the physical and 
ceolosical conditions on the origin and development of ice 
layers in the case of various areas in Siberia, 

There are nine ice formations in the western part of the 
TaisheteLena road area which is 400 kilometers long, and 95 
formations in the eastern part which measures 320 !rilometers, 
The uneven development of the ice-forming processes along the 
road is determined not so much by the climate, although it is 
severer in the eastern part, as by the varying geological 
structure, the frozen soil and hydrogeological conditions of 
the area.’ The geological section along the road justifies the 
following conclusion, The western portion of the road from 
Teishet to Dratsi: is made up of arsellites and sandstones of 
the Bratsl:c and Kezhemsk suites which are characterized by a 
limited waterebearing capacity. The bedrock water is drained 
by a thick talus layer of the mountain slopes and does not 
usually emerge to the day surface. The thick layer of sandy>~ 
gravellyalluvium in the river valleys facilitates a free fil- 
tration of the infrabed water during the winter. Permafrost 
occurs in limited areas along the bottom of marshy valleys. 
When' frozen over, the weak superpermafrost water without a 
definite runoff produces only small cumulose hummociz:s. Thus 
there are no factors in this area contributing to the develope 
ment of ice layers, 


Similar conditions are found in the central part of the 
road where it runs along the Angara river valley. Althouch the 
Mamyr suite sandstones there are characterized by a consider 
able water content, the subterranean water has no outlet to the 
day surface, It is drained by a thick layer of terrace sandy 
gravelly formations of the Angara river, . 
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This accounts for the fact that the 80-kilometers stretch 
contains only three ice layers produced by the small #tvers. 
which are fed by subterranean water in their upper reaches. 


The eastern part of the road runs along the river valleys 
which cut through the carbonate rocks of the Ust'-Kut suite 
and into the argellites of the upper Blena suite. The abunde} 
ant fracture and karst and stratal and fissure water, repre= 
senting permanent rich sources and feeding the local river 
hay in the winter period, are confined to the carbonate 
rocks. 


Most of the medium and small rivers of the Ilim, Kupa, 
Kuta and Lena systems are fed by these subterranean waters in 
their upper reaches or along their way, and form large ice 
layers in the area of the road. The springs.are particularly 
numerous in the area where the carbonate rocks come in contact 
with the water-resistant argellits. The development of ice 
layers in this area is most intensive in point of quantity and 
the volume of the ice, 


The development of ice layers on the eastern part of the 
road is intensified by the severer climate and the presence of 
permafrost which is characterized by an insular occurrence 
along the bottom of the marshy valleys and mountain slopes of 
northern exposure. The emergence of springs to the day surface 
at various slope levels is caused by the permafrost. Inthe 
winter the mountain slopes are covered with ice layers produced 
by the frozen superpermafrost water as well as individual 
‘springs of subterranean water. Such areas are extremely un- 
favorable for construction purposes and they should therefore 
be bypassed in the course of exploration by building the roads 
higher on the slope. | 


The mentioned characteristic development of ice layers in 
the area of the fixishet-Lena road covers an insignificant terri- 
tory in the southern part of the Siberian platform with ana- 
logical physical and geological conditions, including the area 

of the planned roadto the Ust'-ilim Hydroelectric Power Plant. 


Still more pronounced is the effect of the physical and 
geological factors on the formation of ice layers in other 
Siberian areas. 


The extensive development of ice formation in the north 
of the West Siberian lowland is prevented by the thick layer 
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of sandyecravelly formations, the flat and slightly dissected 
topography, the continuous permafrost and limited number of 
outlets for large springs of subterranean water. 


In the mountainous areas of Yalkutia and the Transbailcal 
Rerion as in the parts of the Siberian platform with mountaine 
valley relief, the seolozgical conditions are favorable for the 
formation of huse reserves of subterranean waters and their 
outiets to the day surface in the form of powerful permanent 
springs which feed the river drainage and facilitate the dew 
velonment of ice layers, At the same time, the diverse geo-~ 
lozical structure of these areas and their hydrogeological -and 
frozenesround conditions also determine the varying nature of 
the icewlayer formations (see figure). Within the Siberian 
platform the ice layers are formed by the gravity springs of 
fissure-larst water, primarily on the northern slopes and in 
the river vallevs (figure a), In the Transbaikal Region they 
are formed by the ascension springs of subterranean fissure 
water, primarily on the southern slopes (figure b). In Yakutia 
the icinz process is fed by powerful streams of infrapermafros 
water emerting from the tectonic fault zones to which the 
streams are also confined /1, 9, 13, 12/. 


Vhenever the river flow is fed only by precipitation and 
limited ground water, its discharge is gradually reduced with 
the comins of the winter, ‘The lower discharge is accompanied 
by a reduction of the free-flow section because of the thicke 
ening ice layer which prevents any additional surface icing. 
if an alluvial sedimentation stratum is found under the river 
bec, some of the river water may flow in the form of a sube 
ie ea stream when the freeeflow section of the river is ree 

uced, 
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imilar conditions are observable in the north of the Vest 
Siberian lowland, 


nen the rivers are fed by subterranean springs emergins 
in the riverbed or near it, the freezing of the water flow and 
the reduction of its discharge are uneven processes, The 
springs of deep subterranean water with a stable yield produce 
a permanent discharze of the stream in wintertime. At the same 
time the growins thickness of the river ice steadily’ reduces 
the free#flow section, This is facilitated by the formation 
of bottom ice and the intensified freezing of the stream at the 
sandbars, rapids and other crowded places of the river as well 
“s the road installations allowing for the passage of water. 
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The physical and geological conditions 
governing the development of the icing process 


a-on the Siberian platform; b-in the Transbaikal region; c-in Yakutia; 
l-carbonate rock of the Ordovician period with abundant fissure and 
karst water which produces gravity springs; 2-a water-resistant 
stratum of Cambrian argillites; 3-crushed talus formations; )-direction 
of the water flow; 5-spring; 6-surface ice layer; 7-everfrozen 
rocks; §8=igneous rock; 9-tectonic fissures with ascension springs of 
internal water; 2@-tectonic fault zones with large ascension strbams 
of infra permafrost water which feedsthe gigantic ice-sill layers. 
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The result is that the water breaks through the ice, spreads 
on its surface and forms a surface ice layer, or “naled", In 
this case the presence of a water-resistant bed and a thin al» 
luvium layer or its poor filtration will contribute to the de= 
velopment of surface icing. The more powerful the spring of 
subterranean water feeding the stream the larger the ice layer. 
This is observable in the Yano#Indigirlca river system where 
the powerful springs (up to 3 m/sec) produce sgizcantic surface 
ice sills, and in the Transbaikal Region /1, 9, 13, 18/5, in’ the 
area of the AmureYakut motor road /16/, as well as along the 
Taishet-Lena and ZeyaeNora road /2, 3/. 


forming process: there is more subterranean water, a bigzer 
discharge and a larger number of springs on a dissected relief. 
The relief determines also the hydrological rezime of the 
sprincs, Waterfalls, rapids, rocky beds and thin layers of al-«- 
Luvial deposits produce the necessary conditions for an inten 
sified freezins of the water streams. The icing process is con= 
siderably more active on highealtitude topozraphy than on 

planes with a well developed drainage system and considerable 
alluvium and alluvial water. 


The topography also plays a substantial part in the ice» 
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ne development of surface ice layers is to a considerable 
extent affected by the exposure of the slopes which also de~ 
termines the hydrothermal resmime of the soil and streams. in 
the Transbaikal Region, for example, the icing process takes 
place primarily on the southern slopes ike 13/2 The author 
found a reverse situation in the area of the Taishet-Lena line; 
a large number of ice layers are formed on the slones with a 
northern exposure, In the area of the Amur-Yakut highway the 
icings' process occurs mostly on the slopes with a western and 
eastern exposure; they are found in equal numbers on the southern 
and northern sloves /1/, 

The predominant development of surface ice layers on the 
southern slopes in the Transbailal Region and on the northern 
Slones of the Siberian platform is due to the different phy- 
Sical and geological, especially geocryolocical conditions ex- 
istins in these regions (See fizure}, On the southern warm 
Slones of the Transbaikal Region, where there is no permafrost, 
the ascension springs of subterranean fissure water easily find 
an outlet to the day surface, On the Siberian platform where 
t™e northern slopes are characterized by the insular occurrence 
cr. everfrozen rocls, the gravity springs of fissure and karst 
: er, blocked by these watereresisting rocks, emerge to the 
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surface and form ice layers, There are no everfrozen rocl:s on 
the southern slopes, and the subterranean water filters throuch 
the thawing soil. 


The physical and geological conditions which play a lead- 
ing part in the origin and development of surface ice layers 
may be used as a basis for the classification of the latter. 
There is no uniform classification system of surface ice layers 
at present. Some of the existing classifications are based on 
the characteristic features of the relief /5, 7/3 others are 
established on the basis of the spring outlet or a complex of 
factors responsible for the formation of'ice layers without 
indicating the main factor /1, 16, 17, 20/. 


In most of the classifications the ice layers are divided 
according to the origin which is determined by the type of 
water feeding them /4, 8, 10, 14, 17/. Thus A. M, Chekotillo, 
A. A. Tsvid and V. N. Makarov divide the ice layers (naledi) 
into the following five groups: fluvial, springs, ground, melted 
snow and mixed /.7/. 


The fullest classification of ice layers is offered by 
NM. I. Sumgin and N. I. Tolstikhin who classify the ice layers 
as originating from river, subterranean and mixed water on tke 
basis of genetic criteria, The ice layers of subterranean 
water are subdivided into spring and ground types. in this 
connection, the ground ice layers "are those produced by a 
freezing ground stream or a stream of superpermafrost water, 
and the spring-type ice layers are those produced by freezing 
spring water" /10/. This classification, eventually expanded 
by N. I. Tolstikhin /14/, became the basis of all the followe- 
ing classifications, It now requires a further elaboration in 
the light of the latest scientific achievements in hydroseolosy 
and geocryology. 


The investigations into the ice-forming processes and the 
planning of antiwicing measures on the TaisheteLena and AbaKane 
Taishet roads show that the classification should be simple 
and based on the major distinctive features determining the 
origin of the ice layer. 


In the event of field investigations based on the appeare 
ance of the ice layer, such a classification will mate it posse 


ible to determine the type of water feeding it and take appro- 
priate antieicing measures, 


The classification based on the physical and geological 
“Je 


indicators determining the dynamics, regime and magnitude of 
the icins process, recommended by the author, is desisned to 
meet these requirements, Under this classification, the ice 
lavers are divided according to the type of water feeding 
them and the presence of this water in the rocks (Table 1). 


The first type includes ice layers formed by the surface 
streans of varving size ranging from small ones, active only 
in the first half of the winter, to medium sized and large 
rivers such as the Lena, Yana,indigirka, Nora, etc. these 
‘streams are fed primarily by precipitation and, to a lesser 
extent, by subterrancan water, The reason for the formation 
of type I ice lavers is the narrowing of freezing of the 
stream where the freezing process is most intensive, and the 
emerrence of the water onto the ice through the craclis in the 
icy hummocits and open water spaces in the ice, 
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Such ice lavers are divided into ice layers of larse and 
medium sised rivers with alluvial deposits and infrabed water, 
and ice lavers of small streams which have no well develoned 
bed or alluvial deposits. The conditions of these ice layers 
and their formation vary which determines the different methods 
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Mre same type includes also the ice layers produced by 
the melting snow WAT They are not widespread and will there~ 
fore not be discussed in detail, 


The second type includes ice layers formed by-every tyne 
of groundwater including superpermafrost water, Accordins 
to the recommendations contained in the methodical instructions 
on the compilation of hydrogeological mans Ss be he subter=# 
ranean waters (vadose water, groundwater level, sround basins 
and streams) form one of the uppermost hydrogeological zones, 
the sround water zone, These waters have a local feed area 
and a very unstable regime; their formation is directly af«- 
fected by the atmosphere, surface water, climate, soil and 
vesetation as well as the lithological conmosition of the rocts. 


oe second tyne of ice layers may be formed by superperrmaa 
frost and sroundwaters, The ice layers must be divided on this 
basis (Table 1) because the recime of these waters varies, ‘he 
develonment of the ice layers and the methods of fighting them 
will therefore be different, These ice layers are produced by 
the freezing cround waters emercing to: the dav surface when the 


vater*bearing stratum freezes over and is reduced in size, ost 
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Table 1 (cont.) 


a Em ay re Ss : 
Tyne of ice layer reais | ae areas pp pee | Characteristic regime of the ice layer 
Sn eS 3 ! maait { 
E.Subterranéan | Extends along the eradient, ravines Produced by the freezing water of the 
water (spring)| and river-beds. The area and thickness permanent springs of subterraneanwter 
_of the ice are considerable. Charac- which is characterized by a stable regime, 
| terized by the presence of hummocks the ice layer exists throughout the winter 
and hydrolaccolites. The ice is mostly and’ frequently forms enormous accumulations 
pure, blue and obliquely laminated. . of ice. 
a a a a 
3. Subterranéan” F. Inter- and Enormous in size. Some of the Associated with the internal infra- 
water _infrapermafrost) Yakutian ice sill are 100 km long, | permafrost water emerging from the tectonic 
internal water 3-5 km wide and 10-13 meters thick. fissures and faults, and characterized by 
(ice sills) 'Their area usually exceeds a million a low temperature, stable conditions and 
square meters, and their volume ig abundant water supply, these ice layers 
_ about one million cubic meters and appear with the first frosts and grow through- 


_larger. They develop in river valleys out the winter forming enormous accumulations 
and may extend to mountain slopes and of ice: the ice layers frequently last 
| watersheds. Alternating ice layers and many years. 
open spaces are observable along the | 
‘water stream. This type of "naled" 
_(ice layer) includes hydrolaccolites. 
_. 4g. Lhe Sp Dn RT SS eee 
he Mixed water Distinguished by a combination of | The characteristic features and dynamics 
, forms and features peculiar to ice _ Of the ice layers are determined by the 
‘layers on rivers, ground and subter- © type of water feeding them 
| ranean water with prevailing features . 
| Of the predominant type 


of the ice layers of this type are elongated in shape and ex- 
tended across the flow of the groundwater and the local crade 
ient, and occur wherever the ground freezes harder. 


The third type consists of ice layers formed by subter= 
ranean. and internal water, interpermafrost and superpermafrost 
water, stratal and fissure and fissure and karst water as well 
as tectonic fissure water, The first subtype includes ice 
layers formed by subterranean water emerging to the day surface 
in the form of springs or in depressions and foundation pits, 
The second subtype includes ice layers formed by deep inter- 
permafrost and superpermafrost water emerging through the tece 
tonic cracks to the day surface in the form of powerful permane 
ent springs which form unique hydroeffusive ice sills and si- 
gantic ice layers in northern Yakutia,. 


The fourth subtype includes ice layers originating from 
and simultaneously fed by various types of water in various 
combinations. It is necessary to single out this type of mixed 
ice layers as they are characterized by a multiformity and 
large size, and they are very difficult to fight as the méthods 
to be used in this connection must be commlex. 


Recommendations of the most'rational antieicinz methods 
are given in Table 2 in accordance with the reological chare- 
acteristics, permafrostehydrogeological conditions, thermal 
ice regime and other general properties of the ice layers. ‘The 
recommendations are preliminary and require further elaboration. 


Based on physical and geological conditions, the classi-~ 
fication of ice layers and appropriate anti-icing measures 
facilitate a better organization of field investigations and 
development of such measures. 


It was established in the course of road construction 
that the number and size of the ice layers tend to increase 
considerably after the construction of the installations. Cone 
struction disrupts the established ‘natural conditions and pro~ 
duces a negative effect on the thermal and ice regime of the 
water streams which in turn activates the icing process, Inas- 
much as the causes behind the origin and development of ice 
layers following construction are different than in the case 
of the previously existing ice layers, the methods of fighting 
them should therefore also be different, 
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Table 2 


Type of ice layer Anti-icing measures 
Ice layers on surface In the case of large natural ice layers forming on a river 
water { above its intersection with a road, the opening in the bridge 


and the height of the embankment are increased to facilitate 

a free passage of the ice. In the case of a considerable yield 
and positive thermal balance of the stream, the latter should 
be passed through the installation before it reaches the 
freezing point. A stream with a negative thermal balance near 
the installation is passed through (the installation) by the 
use of a trough which may be heated if necessaryg also by 
Cleaning, straightening and deepening its bed. Retaining the 
ice layers on small streams. 


Ice layers produced The section is dried and the water level lowered by means 
by ground water deep ditches and troughs; in the case of ice layers formed by 
supprpermafrost water the surface of the permafrost ground 
is lowered. The formation and retention of the ice layer far 
from the installation by the introduction of frozen belts, 
»screens and fences and by raising the embankment andc overing 
it with draining soil. Cracking and removing the ice from 
openings in the installations to allow for the passage of the 
soring water. 


Ice layers produced b The sources of water are drained or dammed and channeled 

subterranean water off across the road whenever water-bearing strata are opened 
and the road intersects nearby springse In all other cases 
the channel of the stream isc ontrolled and an optimal thermal 
regime of the water flow created by concentrating it and 
building special troughs for the passage of the water through 
the installation; increasing the openings in the installation 
and the preferential construction of bridges. Gigantic and 
large ice layers should either be bypassed or enabled to pass 
through the installations On small streams far from a road 
the ice layers are retained by levees and fenees. 


Ice layers produced by The complex methods employed are determined by the type of 
mixed water water feeding the ice layer and the natural conditionse 
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It would therefore be expedient to divide the ice layers 
on the basis of origin into the following two types: natural 
and artificial. 


The natural ice layers are those occurring and developing 
in natural conditions peculiar to a certain area prior to its 
2xploitation. The reason for their development is a combinae 
tion of unfavorable physical and geological conditions, 


The artificial ice layers are those occurring in the course 
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of exploitation of a particular area due to the disruption of 
the hydrothermal regime of the surface and subterranean waters 
and loose ground. Such disruptions are produced by the cone« 
struction of various installations, tree»felling and the re- 
moval of the vegetative and moss cover as well as by Gagging 
pits and ditches in the waterebearing strata or narrowing the 
flow of groundwater beneath the installations under construc- 
tion. The failure to take the necessary prophylactic measures 
to prevent icing in the planning period also contributes to 
the development of artificial ice layers. 


The struggle against the natural’ ice layers includes the 
proper selection of antieicing measures and devices appropriate 
to the engineering and geological conditions of the thermic ice 
regime. This struggle may be maintained in the following tvo 
directions: 1) the planning of installations that would take 
into account the free passage of ice layers, as for example a 
high bridge with a large opening, and 2) the elimination of 
the causes of icing or the retention of the ice layer before it 
extends to the road, 


The basic method of fighting "artificial ice layers is the 
asvelopment of prophylactic measures during the exploration 
and’ planning period that would prevent the formation of ice 
layers or reduce them to a size that would not be dangerous to 
the installations under construction. There were no such ice 
layers before the construction of the installation and we must 
therefore prevent their development after the construction, 
This is the top priority goal in the fight against ice formation. 


Having established the. natural patterns of the devetepment 
of ice layers which are determined by the physical and geologi- 
cal conditions of a particular area, it is possible to predict 
to some extent the surface ice-formation processes connected 
with' construction. The first such prediction was made during 
the planning of the Taishet-Lena road and later the Abalkane 
Taishet road. The prediction was basically correct.. Appropri-~ 
ate measures were taken in most of the places of expected icing 
during the planning of artificial installations and the roadbed. 
As a result, no icing developed in any of the hollows, The 
most rational types of water-passing devices permitted by 
local conditions were used on the iceecovered streams. But the 
development of "artificial ice layers could not be prevented, 
The reason for that was the inadequate study of the changing 
hydrothermal regime of the streams and grounds in their inter~ 
action with the road under construction, 
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To solve that problem, the Novosibirsk affiliate of the 
Central Scientific Research Institute of Communications and 
the Tomsl State Planning Institute of Transportation organ= 
ized the first experimental grounds in 1961 along the Taishet-~ 
Lena line, under the direction of the author, for the study of 
the hydrothermal resime of the ice-covered streams and grounds 
near the waterepassing installations. Eventually, these in- 
vestigations were continued by D, HM. Merkulov, a graduate stue 
dent of the Scientific Research Institute of Railroad Trans- 
portation, The results of those investigations has facilitated a 
better understanding of the hydrothermal resime of the streams 
and grounds of various types near the water-passing installanw 
tions * 


The successful resolutions of the problem of fighting ice 
formation calls for a further study of this complex physical 
and seolorical phenomenon both in natural conditions and in its 
interaction with various constructions, 


The solution of this problem will be very helpful in the 
special studies of the ice-forming process on the roads of 
northermost Siberia and the organization of experimental grounds 
and observation stations alonz them, 
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